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Abstract:

 

The giant panda (

 

Ailuropoda melanoleuca

 

) is among the more familiar symbols of species conser-
vation. The protection of giant panda populations has been aided recently by the establishment of more and
better-managed reserves in existing panda habitat located in six mountain ranges in western China. These re-
maining populations are becoming increasingly isolated from one another, however, leading to the concern
that historic patterns of gene flow will be disrupted and that reduced population sizes will lead to diminished
genetic variability. We analyzed four categories of molecular genetic markers (mtDNA restriction-fragment-
length polymorphisms [RFLP], mtDNA control region sequences, nuclear multilocus DNA fingerprints, and mi-
crosatellite size variation) in giant pandas from three mountain populations (Qionglai, Minshan, and Qin-
ling) to assess current levels of genetic diversity and to detect evidence of historic population subdivisions.
The three populations had moderate levels of genetic diversity compared with similarly studied carnivores for
all four gene measures, with a slight but consistent reduction in variability apparent in the smaller Qinling
population. That population also showed significant differentiation consistent with its isolation since historic
times. From a strictly genetic perspective, the giant panda species and the three populations look promising
insofar as they have retained a large amount of genetic diversity in each population, although evidence of re-
cent population reduction—likely from habitat loss—is apparent. Ecological management to increase habi-
tat, population expansion, and gene flow would seem an effective strategy to stabilize the decline of this en-
dangered species.

 

Patrones de Diversidad Genética en Poblaciones Remanentes de Panda Gigante

 

Resumen:

 

El panda gigante (

 

Ailuropoda melanoleuca

 

) es uno de los símbolos más familiares de la conser-
vación de especies. La protección de poblaciones de panda gigante ha sido asistida recientemente con el es-
tablecimiento de más reservas mejor administradas en los hábitats existentes en seis cadenas montañosas en
el occidente de China. Sin embargo, estas poblaciones restantes se están aislando cada vez más, con ello crece
la preocupación de que el flujo histórico de genes se alterará y que los reducidos tamaños poblacionales con-
ducirán a una variabilidad genética disminuida. Analizamos cuatro categorías de marcadores genéticos mo-
leculares ( polimorfismos de restricción de longitud de fragmentos (PRLF) de mtDNA, secuencias de control
de regiones de mtDNA, huellas de DNA nuclear multilocus y variación del tamaño de microsatélites) en pan-
das gigantes de poblaciones en tres cadenas montañosas (Qionglai, Minshan y Qinling) para evaluar los
niveles de diversidad genética y para detectar la evidencia de subdivisiones de poblaciones históricas. Las tres
poblaciones tuvieron niveles moderados de diversidad genética comparada con la de carnívoros estudiados
similarmente para las cuatro medidas genéticas, con una ligera pero consistente reducción de variabilidad
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Introduction

 

Giant pandas (

 

Ailuropoda melanoleuca

 

) are indigenous
to the People’s Republic of China, where they are found
in regions of alpine forest on the edge of the Tibetan pla-
teau. Populations originally extended throughout most
of southern and eastern China, northern Myanmar, and
northern Vietnam, but habitat loss from deforestation dur-
ing the eighteenth century rapidly reduced their numbers
and distribution. Currently, giant pandas are restricted to
six forest fragments in the rugged mountain ranges of the
eastern edge of the Tibetan plateau in the western Chi-
nese provinces of Gansu, Shaanxi, and Sichuan (Fig. 1)
(Schaller et al. 1985; MacKinnon et al. 1989; O’Brien et al.
1994). Within these areas they survive only where there is
bamboo, and thus are generally restricted to 1200–3400 m
in elevation in what is termed the southwestern China
temperate-forest ecoregion. Two surveys conducted in the
middle 1970s and 1980s suggested that at least 1100 giant
pandas existed in the wild at the time (Schaller et al. 1985;
Johnson et al. 1988; MacKinnon et al. 1989). One impor-
tant conservation measure the Chinese government has
taken, with support from international communities, is to
expand the protected-area system. The number of giant
panda reserves has been increased from 13 in the late
1980s to 33 in the late 1990s. Currently, over 60% of the
giant panda’s habitat and populations are under protec-
tion (MacKinnon et al. 1989).

In spite of their status as a Chinese national treasure
and international symbol of the conservation movement,
relatively little is known about remaining panda popula-
tions. Long-term fieldwork started in 1980 in the Wolong
and Tangjiahe Reserves in Sichuan Province (Schaller et al.
1985, 1989; Schaller 1986, 1993) and then in the Qinling
Mountains in Shaanxi Province in the mid-1980s (Pan
et al. 1988; Lu 1991, 1993; Lu et al. 1994; Pan 1995; Zhu
1996; Zhu 1999; Pan & Lu 2001) provide important in-
sights into the life history, population dynamics, social
behavior, and habitat requirements of pandas. This re-
search depicted populations that were increasingly threat-
ened by timber harvest, poaching, and other human
pressures, resulting in gradual but deliberate habitat re-
duction and isolation. Giant panda ranges have been
halved in the last 25 years, and the majority of surviving
wild populations, estimated at about 25, have fewer than

 

20 individuals ( Johnson et al. 1988; Schaller 1993; Mac-
Kinnon et al. 1989). Such small populations are in acute
danger of extinction due to chance demographic factors
(10–20% of these populations have disappeared since
the 1970s) as well as inbreeding and its well-known con-
sequences (O’Brien & Knight 1987; O’Brien 1994

 

a

 

,
1994

 

b

 

; Frankham 1995; Saccheri et al. 1998; Soulé &
Mills 1998). A preliminary report (Su et al. 1993) sug-
gests that giant pandas may have reduced allozyme varia-
tion relative to certain bear populations.

We employed four distinct molecular genetic tech-
niques, two that assay genetic variation in the mitochon-
drial genome and two that measure variation in the
nuclear genome, to characterize the extent and differen-
tiation of genetic diversity among individuals from three
isolated giant panda populations (Fig. 1). Qinling, the
smallest area (1135 km

 

2

 

) had an estimated 109–240 pan-
das in 1980s (Pan et al. 1988), Minshan (6127 km

 

2

 

) had
581 animals, and Qionglai (3355 km

 

2

 

) had 233 animals
(MacKinnon et al. 1989).

The results of our analyses are relevant to the develop-
ment of objective management plans for both captive
and wild panda populations (MacKinnon et al. 1989; Lu
et al., 2000). Because of the visibility and symbolic value
of pandas in China and abroad, their management has
been the subject of great interest and notoriety (Schaller
et al. 1985; O’Brien & Knight, 1987; Schaller 1993; O’Brien
et al. 1994) and will benefit greatly from a thorough analy-
sis of the genetic structure of remaining populations.

 

Methods

 

Samples

 

Samples were collected from wild animals and from un-
related wild-born, captive animals of known geographic
origin (Table 1; Fig. 1). Most samples came from individ-
uals from three main populations from three mountain
ranges, Qinling (

 

n

 

 

 

�

 

 14 ), Minshan (

 

n

 

 

 

�

 

 7), and Qiong-
lai (

 

n

 

 

 

�

 

 15). Two additional samples collected from the
Xiangling and Liangshan Mountains were considered
part of the Qionglai population for analyses. The Qinling
animals derive from a study group from two adjacent val-
leys that may be related genetically (Lu 1991). Genomic
DNA was extracted from frozen leukocytes, primary fi-

 

aparente en la población más pequeña de Qinling. Esa población también mostró diferenciación significa-
tiva consistente con su aislamiento desde tiempos históricos. Desde una perspectiva estrictamente genética, la
especie de panda gigante y las tres poblaciones parecen seguras hasta ahora ya que han retenido una gran
diversidad genética en cada población, aunque la evidencia de la reducción poblacional reciente, por pér-
dida de hábitat, es notable. Así, el manejo ecológico para incrementar el hábitat, la expansión de la po-
blación y el flujo de genes parecería una estrategia efectiva para estabilizar la declinación de esta especie en

 

peligro de extinción.
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broblast cultures from skin biopsies (Sambrook et al.
1989), hair samples (Higuchi et al. 1988), or sperm
(Camper et al. 1984).

 

Mitochondrial DNA variation

 

Mitochondrial DNA variation was assayed with two tech-
niques. First, we measured mtDNA restriction-fragment-
length-polymorphism (RFLP) variation in 19 animals from
the three populations (Qionglai, Minshan, Qinling). Ge-
nomic DNA (1 

 

�

 

g) from each animal was digested sepa-
rately with 28 restriction enzymes (monomorphic restric-
tion enzymes: ACCI, APAI, AVAI, AVAII, BAMHI, BCLI,
BSTEI, BSTUI, MLUI, DRAI, ECORI, ECORV, HINDIII,
KPNI, NCOI, NDEI, PSTI, SMAI, SSTI, SSTII, STUI, XBAI,
XHOI; Polymorphic restriction enzymes: CLAI, PVUII,
HPAI, STYI, HINCII ), separated by electrophoresis in 1%
agarose gels, and transferred to nylon filters (UV Dur-
alon; Stratagene) by Southern blotting. The DNA frag-
ments on the membrane were hybridized with a [

 

32

 

P]
dCTP–labeled molecular clone of feline mtDNA (Lopez et
al. 1994). The mtDNA variation was described by estimat-

 

ing 

 

pi

 

, 

 

d

 

xy

 

, and 

 

d

 

a

 

 with the computer program MAXLINK
(Nei & Tajima 1983). Nucleotide diversity, 

 

pi

 

, measures
the probability that two randomly selected sequences
from two individuals within a population will have differ-
ent nucleotides at a given position (Nei & Li 1979; Nei
1987). The average nucleotide diversity between popula-
tions, 

 

d

 

xy

 

, is the probability that two randomly selected
sequences from two populations will not share the same
sites (Nei & Li 1979). The net nucleotide diversity be-
tween two populations, 

 

d

 

a

 

, discounts the intrapopulation
variation and was calculated as: 

 

d

 

a

 

 

 

�

 

 

 

d

 

xy

 

 

 

�

 

 (

 

p

 

x

 

 

 

�

 

 

 

p

 

y

 

)/2.
We also measured mtDNA variation by sequencing a

268-bp fragment of the control region with 36 pandas
from three populations. Nucleotide sequences were ob-
tained by polymerase chain reaction (PCR) amplification
through control region universal primers (Kocher et al.
1989). Thirty cycles of PCR were performed in a pro-
grammable heat block (ABI-Perkin-Elmer 9700 Ther-
mal Cycler). Each cycle had 1-minute denaturation at
92

 

�

 

 C, 1-minute annealing at 48

 

�

 

 C, and 1-minute exten-
sion at 72

 

�

 

 C. Reactions (100 

 

�

 

L) were prepared with
10 ng genomic DNA in 10 mM Tris-HCl of pH 8.3, 1.5 mM

Figure 1. The geographic relation-
ship among giant panda popula-
tions sampled for this study. The 
frequency distribution of mito-
chrondrial DNA restriction-frag-
ment-length polymorphisms 
(RFLP) and control-region (CR) 
haplotypes, defined in Tables 3 
and 4 respectively, are specified by 
letters in pie charts.
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MgCl

 

2

 

, 200 

 

�

 

M dNTP, 2.5 units 

 

Thermus aquaticus

 

 DNA
polymerase. Reaction products were resuspended in 2 mL
of dH

 

2

 

O and concentrated with Centricon 100 microcon-
centrators. Products were sequenced in both forward and
reverse directions with a Dye Terminator Prism sequenc-
ing kit and an ABI 373A automated DNA sequencer (Ap-
plied Biosystems, Inc.), and consensus sequences of for-
ward and reverse sequences were determined. Alignments
of the sequences were obtained by the algorithm of Needle-
man and Wunsch (1970) with the PILEUP program of the
Genetics Computer Group computer package version 8 and
were visually confirmed. Sequences were deposited in Gen-
Bank (accession numbers AF 363507–363524).

Phylogenetic trees were constructed from the sequence
data through three methods as implemented in the PAUP*
computer program (Swofford 1999). The minimum-evolu-
tion tree was estimated by the neighbor-joining (NJ) algo-
rithm (Saitou & Nei 1987) through a distance matrix of
Kimura’s two-parameter distances (Kimura 1980) and a
general heuristic search with tree-bisection-reconnec-
tion branch swapping. The maximum parsimony (MP)
tree was estimated with a general heuristic search through
simple-sequence addition of sequences and tree-bisection-
reconnection branch swapping. The maximum-likelihood
(ML) tree was generated according to the HKY or F84
model with a starting tree from the ME analysis, empirically
derived nucleotide frequencies, and default values for tran-
sition/transversion ratios and the shape parameter of the
gamma distribution of among-site rate heterogeneity (Nei
et al. 1996). Successive ML trees incorporating new esti-
mates of these parameters were obtained iteratively until
an optimal tree was derived consistently. Bootstrap resa-
mpling (100 iterations) was done with the minimum
evolution and maximum parsimony analyses to test the
reliability of the data to derive consistent topologies.
Minimum Spanning Networks (Excoffier & Smouse 1994)
were constructed with Arlequin version 2.000 (Schneider
et al. 2000) to depict phylogenetic, geographic, and poten-
tial ancestor-descendant relationships among sequences.

 

Nuclear Genetic Variation

 

Multilocus DNA fingerprinting was used on a subset of gi-
ant pandas to describe diversity in the nuclear genome.
The DNA (6 

 

�

 

g) of 6 giant pandas from Qionglai and 12
from Qinling was digested with HINFI and HAEIII, sepa-
rated by electrophoresis in 1% agarose gels, transferred to
nylon filters, and hybridized to the [

 

32

 

P] dCTP–labeled fe-
line-specific minisatellite probes FCZ8 and FCZ9 (Gilbert
et al. 1990, 1991). Average number of bands, number of
monomorphic loci, heterozygosity (H

 

e

 

), average percent-
age difference (APD), and mean average percent differ-
ence (MAPD) were estimated as by Stephens et al. (1992).

Eighteen microsatellite loci were identified from a
small insert library of giant panda genomic DNA, which
we screened with radiolabeled oligonucleotide probes

using wash conditions for hybridization filters and se-
quencing of recombinant clones as described by Diet-
rich et al. (1992) and Menotti-Raymond et al. (1997).
Primer pairs were designed in unique sequence flanking
the microsatellite for a 

 

T

 

m

 

 of 60

 

�

 

 C through the program
PRIMER (version 0.5; Lincoln, Daly, Lander, and White-
head Institute for Biomedical Research, Cambridge, Mas-
sachusetts) (Table 2). The PCR amplifications of individ-
ual microsatellite loci were performed in 10-

 

�

 

L reaction
volumes containing 1

 

�

 

 Perkin Elmer PCR buffer (10 mM
Tris-hydrochloric acid of pH 8.3, 50 mM potassium chlo-
ride), 2 mM MgCl

 

2

 

, 250 

 

�

 

M each of the four deoxyribo-
nucleoside 5

 

�

 

-triphosphates (dATP, dCTP, dGTP, dTTP)
(Pharmacia), 0.4 unit AmpliTaq or AmpliTaq Gold DNA
polymerase (Perkin-Elmer Cetus), 4.0 picomoles each of
forward and reverse primer (Life Technologies and PE
Applied Biosystems, Inc.), bovine serum albumin at 0.16
mg/mL final concentration (Sigma A-3294) and 50 ng of
DNA. The AmpliTaq Gold DNA polymerase was used in
the amplification of Ame-

 

�

 

21, Ame-

 

�

 

24, Ame-

 

�

 

27, and
Ame-

 

�

 

28A. One member of each primer pair was labeled
with a fluorescent dye, phosphoramidite. Of 18 microsat-
ellite loci utilized in the study (Table 2), one had a com-
pound repeat motif (Ame-

 

�

 

22), three had a complex re-
peat motif (Ame-

 

�

 

26, Ame-

 

�

 

28B, and Ame-

 

�

 

70), and all
were CA dinucleotide repeats except Ame-

 

�

 

70, which had
a GATA tetranucleotide repeat. The Ame-

 

�

 

28A and 28B
were isolated together and are separated by several hun-
dred bp.

The PCR amplification was performed in a Perkin Elmer
Model 9600 Thermocycler for 1 cycle of 3 minutes at
93

 

�

 

 C; 10 cycles at 94

 

�

 

 C for 15 seconds, 55

 

�

 

 C for 1 sec-
ond, 72

 

�

 

 C for 30 seconds; 20 cycles at 89

 

�

 

 C for 15 sec-
onds, 55

 

�

 

 C for 15 seconds, 72

 

�

 

 C for 30 seconds; and 1
cycle of 72

 

�

 

 C for 10 minutes. The PCR products were
diluted 1:10 with sterile deionized water, and 2 

 

�

 

L of di-
luted product were mixed with 4 

 

�

 

L of a gel-loading
buffer/standard mixture composed of 6:1:1 ratio of for-
mamide (Sigma), ABI PRISM GeneScan-350 Tamra inter-
nal lane standard, and ABI GeneScan loading buffer, re-
spectively. Samples were denatured 3 minutes at 94

 

�

 

 C
and placed on ice. Two microliters of sample were loaded
per lane and electrophoresed in 6% denaturing polyacry-
lamide gels in an ABI Model 373A Automated DNA Se-
quencer Apparatus for 3.5 hours at 2500 V, 40mA, and
25W. Allele sizes were estimated with ABI GeneScan (ver-
sion 1.2.2–1) and Genotyper (version 1.1) software pack-
ages, and the Local Southern method (Elder & Southern
1987) was used to generate a best-fit curve from the size
standards electrophoresed in each lane.

For each of the three main populations and each mic-
rosatellite locus, the homogeneity of allele distribution,
occurrence of private or unique alleles, and estimated
observed and expected heterozygosity were determined
with the computer program MICROSAT ( Minch et al.
1997). Departure from Hardy-Weinberg expectations
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and estimates of population subdivision (

 

F

 

ST

 

) and num-
ber of migrants per generation (

 

Nm

 

) were determined
with the program ARLEQUIN, version 2.0 (Schneider et
al. 2000). Phylogenetic trees were constructed according
to the NJ algorithm as implemented in PHYLIP (Version
3.5; Felsenstein 1993), with 100 bootstrap iterations
from the microsatellite data from distance matrices es-
timated through kinship coefficients (Bowcock et al.
1994) and the proportion of shared alleles (Bowcock

et al. 1994), as implemented in the computer program
MICROSAT (Minch et al. 1997).

 

Results

 

Two measures of mtDNA variation were examined in
samplings of three panda populations: mtDNA-RFLP and
DNA sequence variation of 268 bp from the mtDNA

 

Table 3. Patterns of mtDNA restriction-fragment-length-site polymorphisms (RFLP) in three giant panda populations.*

 

RFLP Ame CLAI PVUII HPAI STYI HINCII HINCII HINCII HINCII Populations (n)

 

A

 

� � � � � � � �

 

Minshan (1), Qionglai (2)
B

 

� � � � � � � �

 

Qionglai (2)
C

 

� � � � � � � �

 

Qionglai (3), Qinling (3)
D

 

� � � � � � � �

 

Qionglai (1)
E

 

� � � � � � � �

 

Qinling (7)

 

*

 

Plus sign denotes presence and minus sign denotes absence of restriction site.

 

Table 2. Molecular characterization, primer sequences for PCR amplification, and expected product size of panda microsatellite loci.

 

Name Repeat motif

 

a

 

Primer sequence

 

b

 

Product sizes Heterozygosity

Ame-�5 (CA)15
†

CCCCGAGTTGCTGAGTTTTA
TTTCTTCCTGCTCACACAAGG

131–157 0.42

Ame-�10 (CA)16
†

ACCGTGCTCTTAATCCCCTT
CCCATGCTTATGAGAAACAGG

138–160 0.61

Ame-�11 (CA)12 † TATGCCACCTGCCCAGAC
GATGGAAAGAGTAGAGCCAAGG

228–236 0.44

Ame-�13 (CA)18
†

GGAAGCATTAAGGAAAACATGC
AATGATGACCATTTCAAACGC

142–171 0.51

Ame-�14 (CA)17
†

CCACCCAGGCACATCTATCT
TTTACTGTGGTGGAAGTTAGGG

139–147 0.54

Ame-�15 (CA)13 † AAGCAGTTGTTTTTGCTTAGTG
TGTCAAAGTATTTGCCTCACA

122–130 0.09

Ame-�16 (CA)20 † CCCACTGCGGAAACAATAAT
ATCTCATTCTTTTTTGTGGCTG

132–143 0.38

Ame-�19 (CA)18 † CAGGCAGCACAGCTATACCA
CCACCTGATACCTATGCACAT

154–162 0.33

Ame-�21 (CA)18 † TATGAAAAGAGCCCAAATGTCA
TAGCTCCATCCACGTTGTTG

156–174 0.66

Ame-�22 (CA)11*
†

AGGAAACATGTTGCCTTTTCA
AGAGGGCAAATAGGAGGGAA

127–129 0.27

Ame-�23 (CA)18 † TGAGCCAAAAGTAAAAGGCTG
TTTGTGGACCTGTTATTCCTTG

138–152 0.56

Ame-�24 (CA)15
†

ATGCATGACATTTTGGGTAGC
TGAAGACCCTAGATGAAGGCA

248–258 0.35

Ame-�25 (CA)22
†

CATAATTCCCTGGCAATGCT
TAGCCCGCATTGAAAAATG

219–237 0.49

Ame-�26 (CA)CMPLX**
†

TTTTCAGGCCTCCGAAAAC
ATTCCCAATAAAGCAAATCAGA

114–120 0.46

Ame-�27 (CA)12 † TTGAAGAAGAAGGAACATTCCC
TTTTGCAACTATGTCCCTCAGG

132–150 0.29

Ame-�28A** (CA)12
†

CGATTAGTCGTCAGCACTCTG
AAGGGTAACTGCAGGTGGG

118–132 0.32

Ame-�28B** (CA)CMPLX**
†

CCAGCATCTGGTCTGAGTGA
CCACCTGCAGTTACCCTTGT

169–183 0.36

Ame-�70 (GATA)CMPLX**
†

TGATGCCGTAAAAACTGCAA
TTTAACTCTTCTGTAGTATTCC

182–284 0.66

aCompound nucleotide repeat motifs are marked with one asterisk and complex motifs with two asterisks.
bLabeled primers are marked with a dagger.
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control region. The RFLP analysis with 28 enzymes re-
vealed five polymorphic restriction enzymes (CLAI,
PVUII, HPAI, STYI, and HINCII ) specifying eight vari-
able sites distributed into five haplotypes (Table 3; Fig.
1). Haplotype E was restricted to Qinling; A, B, and D
were restricted to Qionglai; and C was found in each
population analysis. Qionglai had the largest number of
haplotypes at four, compared with two in Qinling. Over-
all, the estimate of nucleotide diversity (	) for the com-
bined panda populations was 0.22. The phylogenetic re-
lationship was star-like (not shown), and the differences
between different haplotypes ranged from three to five
mutational steps (Table 3).

Aligned sequences from the control region of 36
pandas (14 from Qinling, 7 from Minshan, and 15 from
Qionglai) revealed 17 distinct haplotypes (A–Q) that dif-
fered from each other by 1–9 bp (0.4–3.3%) (Table 4).
There were 16 variable sites with two insertion/dele-
tions sites. We analyzed the sequences using three phy-
logenetic approaches (minimum evolution/neighbor join-
ing, maximum parsimony, and maximum likelihood) and
a minimum-spanning network (Fig. 2). The phylogenetic
signal was not strong, however, and there was no strik-
ing correspondence of control-region haplotype with
geographic origin. The absence of phylogenetic cluster-
ing of both mtDNA–RFLP and control region sequence
probably reflects the occurrence of gene flow between
the populations until rather recently, because no geo-
graphic differentiation is apparent.

Nuclear minisatellite loci revealed a moderate level of
variation in a small sampling of giant pandas from the
Qionglai (He � 35.8%; n � 6) and Qinling (He � 34.5; n �
12) populations (Table 5), which is much higher, for ex-

ample, than comparable estimates based on the same
probes from the genetically uniform Gir forest lion (He �
2.9%; Gilbert et al. 1991), Florida panther (He � 10.5%;
Roelke et al. 1993), or island fox (He � 0.4%; Gilbert et
al. 1990). Giant pandas more closely resemble DNA fin-
gerprint heterozygosities observed in outbred lions (He �
49.1%) or African cheetah (Acinonyx jubatus) popula-
tions (He � 43.4%) that have reconstituted DNA–fin-
gerprint variations over a 10,000-year interval since their
last extreme population bottleneck (Stephens et al.
1992; Menotti-Raymond & O’Brien 1993). There was a
suggestion of higher diversity in Qionglai (He � 30.1–
41.4%, MAPD � 38.3%) than in Qinling (He � 26.3–
46.5%, MAPD � 31.5%), paralleling the slight reduction
in mtDNA haplotype counts between the two popula-
tions (Table 5).

To extend the phylogenetic and quantitative popula-
tion-diversity assessment, we developed and character-
ized 18 microsatellite loci specific to the giant panda in
the three populations (Table 2). Each population dis-
played moderate to high microsatellite variation com-
pared with other species. Average heterozygosity ranged
from 49% to 58% in the three populations, with a total of
106 alleles observed across the 18 loci (Table 5). There
were multiple population-specific signature alleles in
each population, which lead to a mean of 1.7–4.0 signa-
ture alleles retained in the composite microsatellite ge-
notype of any individual (Table 5). Qinling and Qionglai
had nearly twice as many signature alleles as Minshan in
each population. The allele-size expansion, termed mic-
rosatellite variance (a measure of the breadth of allele-
size range for a polymorphic microsatellite locus), was
appreciable in each population (Table 5) (Goldstein &

Table 4. Patterns of mtDNA control-region (CR) haplotypes in three giant panda populations.

Variable nucleotide site

mtDNA–CR haplotype
1
4

3
1

3
4

5
4

6
6

1
1
1

1
3
3

1
3
5

1
5
2

1
6
1

1
7
6

2
2
8

2
3
8

2
4
4

2
4
5

2
5
4 Population (n)

A A T A C C C A C — — C C G T C A Minshan (4), Qionglai(2)
B A T T C C C A C — — C C G T C A Minshan (1), Qionglai(2)
C A T A C C C A C — — C C C T C A Qionglai(1)
D A T A C T C A C — — C T G T C A Qinling (1)
E A T C T C C A C — — C C G T C T Qionglai(1)
F A T A C T C G C — — C C G C C A Qinling (1)
G A T T C T C G C — C C C G T C A Qinling (1)
H A T A C T C G C — C C C G T C A Qinling (2)
I A T A C C C A C — C C C G T C A Minshan (1), Qinling (3)
J A T A C T T A C — C C C G T C A Qionglai(6)
K A T A C T C A C — C C C G T C A Qinling (1)
L C T A C T C A C — C C C G T C A Qionglai(1)
M A T A C T C G G — C G C G T C A Qinling (2)
N A T A C T C A C C C C C G T C A Qionglai(2), Qinling (1)
O A T A C C C A C C C C C G T C A Minshan (1)
P A T A C T T A C C C C C G T C A Qinling (1)
Q A C T C T C A C C C C C G C G A Qinling (1)
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Figure 2. Phylogenetic relationships among mtDNA 
control-region-sequence haplotypes. (a) Minimum 
evolution tree constructed by means of a Kimura 
2-parameter distance matrix and the neighbor-joining 
algorithm; one of the six best trees found in a heuristic 
search. Nodes with bootstrap percentages above 40% 

are listed. Nodes supported by maximum likelihood 
analyses are labeled with an asterisk. (b) Minimum-
spanning network with length of connecting lines pro-
portional to the number of steps between haplotypes, 
and with haplotypes ( filled circles) indicating the indi-
viduals and population bearing each haplotype. Indi-
viduals are coded by their affiliation with one of five 
populations; Min, Minshan; Qin, Qinling; Qio, Qiong- 
lai; Xia, Xiangling; Lia, Liangshan.

Pollock 1997). This observation is consistent with the
supposition of panmixia in recent times for each popula-
tion and for pandas as a whole. All microsatellite loci
conformed to Hardy-Wienberg equilibrium.

The relationships among individual giant pandas were
examined in a phylogenetic analysis of composite micro-
satellite genotypes of 36 individuals (selected from each
population and excluding known relatives). Minimum
evolution topologies were estimated by the neighbor-join-
ing algorithm based on two genetic-distance measures,
percent allele sharing (Dps) and mean kinship (Dkf),
which were previously determined applicable to closely
related populations (Goldstein et al. 1995; C. A. Driscoll
& S. J. O., unpublished data). These phylogenetic trees
recapitulated geographic origins with only a few excep-
tions (Fig. 3), although the statistical bootstrap support
for the major nodes was low (20% between Qinling indi-
viduals and the others). The Qinling individuals clustered
together without exceptions. The Qionglai and Minshan
populations were intermingled and the individual speci-
mens from Lingshan and Xiangling were clustered with
the Qionglai individuals.

The apparent population differentiation indicated by the
phylogeographic microsatellite analysis (Fig. 3) was also
apparent in the FST estimates, which indicated signifi-
cant differentiation between Qinling and Qionglai (FST �
0.18; p 
 0.05) and between Qinling and Minshan (FST �
0.18; p 
 0.05), but not between Minshan and Qionglai
(FST � 0.07; p � 0.05). These measures imply that Qin-
ling has experienced moderate geographic isolation, as
revealed by the microsatellites but not by the mtDNA re-
sult. Gene flow has occurred until recently among the
two southern populations (Fig. 1), however, because
there was no robust geographic substructure between
them by any measure (Figs. 1–3).

Discussion

Results of the analyses of genetic variation in pandas based
on four different kinds of molecular genetic markers
provided insights into the recent evolutionary history of
remaining populations. The mtDNA RFLP variation in gi-
ant pandas (	 � 0.22) was moderate to low compared
with other outbred carnivores. For example, compara-
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ble estimates of mtDNA RFLP nucleotide diversity (	)
range from 0.18 in cheetahs (Acinonyx jubatus) (Menotti-
Raymond & O’Brien 1993) and 0.35 in North American
pumas (Puma concolor) (O’Brien et al. 1990) to 1.30 in
leopards (Panthera pardus) (Miththapala et al. 1996)
and 8.00 in black-back jackals (Canis mesomelas) (Wayne
et al. 1991). Measures of nuclear minisatellite genetic
variation of giant pandas were comparable to those of
other outbred carnivores. Estimates of heterozygosity in
pandas ranged from 0.277 to 0.465 depending on the en-
zyme and probe used (Table 5). Cheetah heterozygosity
is 0.43 (Menotti-Raymond & O’Brien 1993), Serengeti and
Ngorongoro lion heterozygosities are 0.435 and 0.491,
respectively (Stephens et al. 1992), and domestic cat het-
erozygosity is 0.449 (Stephens et al. 1992). Microsatellite
average heterozygosity is 0.44 in giant pandas, 0.443 in
cheetahs, 0.357 in pumas, and 0.373 in lions (C. A.
Driscoll & S. J. O., unpublished data).

There was little pattern in the distribution of genetic
variation among the three main populations. The Qion-
glai population had the most mtDNA–RFLP haplotypes
(four) (Qinling had 2) and the highest mean average per-

cent difference in fingerprint variation (MAPD � 38.3%)
(MAPD � 31.2% in Qinling). Qionglai had an estimated
microsatellite heterozygosity of 0.49, whereas Minshan
had 0.58 and Qingling had 0.57.

There was also evidence that gene flow between Qin-
ling and the other two populations has been limited for
a sufficient period of time to allow them to accumulate
unique characteristics. Qinling was the only population
with a population-specific mtDNA–RFLP genotype (E)
and had the most unique control-region-sequence haplo-
types, eight, compared with four in Qionglai and one in
Minshan (Fig. 1). Qinling also had a large number of pop-
ulation-specific microsatellite signature alleles (15) com-
pared with Qionglai (14) and Minshan (7) (Table 5). Pop-
ulation differentiation, a measure of interrupted gene flow,
was also apparent in the significant FST values between
Qinling and the other populations.

Together, these data indicate that the Minjiang River
(Fig. 1) has not been a barrier to gene flow between the
populations of the Minshan mountains and the Qionglai,
Xiangling, and Liangshan mountains to the southwest.
Our results suggest, however, that the Qinling mountain

Table 5. Measures of molecular genetic diversity based on mitochondrial restriction-fragment-length-polymorphism variation (mtRFLP), mtDNA 
control-region sequences, nuclear DNA minisatellite fingerprint variation, and microsatellite variation at 17 loci for three giant panda populations.

DNA marker*

Population

Qinling Minshan Qionglai all pandas

mtDNA RFLP
sample size 10 1 7 19
haplotypes 2 1 4 5
	 0.12 — 0.24 0.22

mtDNA sequences
sample size 14 7 15 36
haplotypes 10 4 7 17
	 0.04 0.01 0.03 0.06

DNA fingerprints
sample size 12 — 6 18
HAEIII/Fcz8

He(%) 39.0 — 41.4 39.8
APD 36.9 — 41.3 38.3

HINfI/Fcz8
He(%) 46.5 — 35.5 42.8
APD 39.3 — 39.0 39.2

HAEIII/Fcz9
He(%) 27.7 — 30.1 28.5
APD 24.7 — 34.7 28.0

HINfI/Fcz9
He(%) 26.3 — 36.3 29.6
APD 25.1 — 38.2 29.4

Microsatellite 31.5 — 38.3 33.7
sample size 14 7 15 36
no. alleles 33 35 38 106
observed heterozygosity (%) 57 58 49 44
variance 8.4 9.3 12.6 10.2
average no. alleles/locus 3.3 3.5 4.3 3.7
signature alleles number 15 7 14 36
mean/individual 4.0 1.7 1.5 2.4 
range

*The He is the estimated average heterozygosity based on Hardy-Wienberg distribution of allele frequencies, and APD is average percent differ-
ence in band sharing (Stephens et al. 1992).
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population became isolated from the other populations
in the recent past. This reduction in gene flow did not
occur long enough ago for significant differences to be-
come apparent in the mitochondrial markers given his-
toric population sizes. The large number of mtDNA–CR
haplotypes in Qinling (Fig. 1) implies that it descends
from a large, expanding historic population that with
time became isolated and reduced in number and in rela-
tive genomic diversity. Such a pattern may signal the be-
ginning of a reversible but damaging trend that can pre-
cede genetic and demographic reductions in isolated
populations of threatened species.

Management Implications

Our results consistently suggest that the studied panda
populations were probably connected until recently, when
gene flow between Qinling and the populations of the
Minshan and Qionglai mountains was reduced. The date

is difficult to estimate precisely, but by comparison to
coalescent calculation in other carnivores (Menotti-Ray-
mond & O’Brien 1993; Culver et al. 2000; C. A. Driscoll
& S. J. O., unpublished data) it is on the order of a few
thousand years. Levels of molecular genetic variation in
giant pandas are comparable to those of other carnivores
and only slightly reduced in Qinling relative to Minshan
and Qionglai, probably reflecting a relatively recent de-
cline in effective population size. Although we find unique
mtDNA and microsatellite genotypes in each of the three
populations, together the results from these four genetic
markers suggest that there is no imperative to manage re-
maining panda populations as separate units. As much
as is practical, gene flow should be encouraged between
isolated populations on both sides of the Minjiang River,
either through the maintenance or reestablishment of
natural corridors or, in demographically critical popula-
tions, through intervention.

Contact between pandas in the Qinling mountains and
more-southern populations has probably been curtailed
effectively. The effect of maintaining current manage-
ment practices will be to reinforce more recently derived
differences between Qinling and other panda popula-
tions and not differences in more-historic population pat-
terns. A more important concern, however, may be the
maintenance of a long-term viable population in Qinling,
given current and projected effective population sizes. A
detailed analysis is needed to determine the effect the
demographic structure of this population may have on
genetic variation.

The genetic data raise some provocative questions
about the recent history of the populations. The giant
panda’s habitat is traversed by several large river systems
(Fig. 1; Yangtze, Minjiang, Jialingjiang, and Daduhe), which
historically may have posed barriers to migration. But
the genetic similarity between the populations implies
that gene flow has occurred between the populations
until recently, when the valley became settled by Chi-
nese peoples. Together these observations suggest that
human activities have posed a more effective migration
barrier over the past few thousand years than have the
ancient river systems.

Ultimately, these molecular genetic results may offer
some comfort to managers of the giant panda. From a
genetic perspective, there appear to be no major reduc-
tions in the genomic diversity of giant panda popula-
tions, although the large number of remaining mtDNA
haplotypes in Qinling suggest that this population has
likely experienced modest genetic losses from an ances-
tral, much larger, and genetically diverse population.
Nonetheless, long-term field observations of the Qinling
population reveal that panda reproduction is not notice-
ably diminished but is comparable to similarly studied
American black bear (Ursus americanus) populations
(Lu 1991; Zhu 1999; Lu et al. 2000). So far, evidence of
inbreeding in Qinling has not been apparent, suggesting

Figure 3. Phylogenetic relationships among 36 giant 
pandas constructed from 18 microsatellite loci. Un-
rooted neighbor-joining tree based on mean kinship, 
Dkf genetic distances with a p-ps transformation. Indi-
viduals are coded by their affiliation with one of five 
populations; MIN, Minshan; QIN, Qinling; QIO, Qiong- 
lai; XIA, Xiangling; LIA, Liangshan. Individuals from 
Xiangling and Liangshan are combined with Qionglai 
in other analyses.
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that conservation imperatives should focus on expand-
ing habitat and protecting existing populations from
threatened demographic losses due to timber harvest
and poaching. Unfortunately, habitat loss and small-pop-
ulation isolation are common across the giant panda’s
range (MacKinnon et al. 1989; O’Brien et al. 1994), and
these acute population reductions need to be identified
and reversed.

The molecular genetic data we describe have allowed
an interpretation of the consequences of depletion of gi-
ant panda habitat and populations in historic times. The
same molecular genetic markers may also be applied to
parentage assessment of captive and free-ranging popu-
lations and to ecological genetic population monitoring
based on fecal and hair samples. Each of these applica-
tions has the potential to aid managers in designing con-
servation strategies for this species.
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